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A ONE-DIMENSIONAL PLANE WAVE PROPAGATION

CODE FOR LAYERED RATE-DEPENDENT

HYSTERETIC MATERIALS

PART I: INTRODUCTION

Background

1. Material property test data recently acquired in the Geo-

mechanics Division of the Structures Laboratory at the U. S. Army Engi-

neer Waterways Experiment Station (WES) have revealed that the dynamic

compressibility response of various soils subjected to loadings with

submillisecond rise times is both qualitatively and quantitatively dif-

ferent than their response to slower loadings.1  Reference 1 cites sev-

eral examples of test results in which the stress-strain response of

soils was much stiffer during rapid loading conditions than for quasi- I
static experiments.

2. Furthermore, field measurements recently acquired during

shallow-buried structures experiments (References 2 and 3) indicated

that for surface loading rise times on the order of 0.01 to 0.1 msec,

high-amplitude (10 to 40 MPa) stress waves traveled faster through the

sand cover above the structures than would be predicted from seismic ve-

locity data or from uniaxial strain test data generated in the laboratory

using loadings with rise times on the order of a few milliseconds.

Purpose and Scope

3. The purpose of this report is to describe the development and

evaluation of a one-dimensional plane stress wave propagation code

called ONED3P which treats layered, nonlinear, rate-dependent, hysteretic

materials.

4. A description of the constitutive relationship used in ONED3P,

which is represented by a three-parameter mechanical model, is given in

3ZIA



Part II. Part III contains a description of the major features of

ONED3P, including its solution algorithm and its treatment of different

boundary conditions. The capabilities of the code are checked against

available analytical solutions and other code calculations in Part IV.

Part V describes how the model parameters can be evaluated from labora-

tory and field data and goes on to compare ONED3P calculation results

with those from field experiments. Finally, a user's guide is presented

in Appendix A.

4

F--



PART II: MODEL DESCRIPTION

Mechanical Model

5. In general, a rate-dependent constitutive model should relate

stress, strain, stress rate, and strain rate in the following functional

form:

= f(G, E, c) (1)

where the dot indicates time differentiation.

6. The literature (References 4 and 5) shows that numerous rela-

tionships among forces, displacements, loading rates, and velocities may

be written by developing the governing equations for various combina-

tions of linear mechanical elements; namely, springs and dashpots. The

springs generate forces (or stresses) proportional to displacements (or

strains), while the dashpots generate forces proportional to velocity

(or strain rate). An example of a mechanical model whose governing equa-

tion looks like Equation 1 but which is still relatively simple to work

with is shown in Figure la. Furthermore, Reference 1 has already demon-

strated that such a model can be used to simulate the rate-dependent

stress-strain reponse of a single particle.

7. It can be shown that the equation which governs the behavior

of this three-parameter model is
4

M2  MM2 =2 + (M + M (2)n 2 I1

The M and M functions in Equation 1 bound the stress-strain behav-
1 2

ior of the material in the following ways. First, for very slow loading

rates (; , e - 0), M1 describes the complete stress-strain response

and, hence, represents the "static" behavior of the material. On the

other hand, for extremely fast loading rates, the dashpot acts as though

it were rigid and the sum of M1 and M2 governs the model behavior.

5
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t =CONSTANT

1=CONSTANT

t 1)

a. ARRANGEMENT OF SPRINGS AND DASHPOT
IN MECHANICAL MODEL

b. STATIC STRESS-STRAIN CURVE DEFINING THE M1 FUNCTION

Figure 1. Details of the proposed visco-
compacting mechanical model for soils
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Therefore MI + M2 represents the upper bound of material stiffness.

Any material response between these bounds is then controlled by the

value assigned to ni

Finite Difference Form of the Governing Equation

8. Equation I is written for constant material property param-

eters Ml M2 % and q and deals with total values of stress and

strain and their time derivatives. To accommodate nonlinear properties,

Equation 2 was written in incremental form as

Ao + 2-A; = M AE; l M2+)t (3)
2 + +M2)

wherein M1 , M2 , and n are considered to be constants within each

increment of time. In fact, as a first-order approximation to obtaining

a model of the visco-compacting material described in Part I, M and n
2

are treated as constants for all time. M1  is described by a piecewise

linear stress-strain curve (with an arbitrary number of segments) which

has separate loading and unloading behavior (Figure lb).

9. Using the subscript i+l to refer to a new point in time, i

to refer to the present time, and i-1 to refer to the previous point

in time, the incremental terms in Equation 3 may be written:

Ao = oi+ - o i
AG i+l i

i+l i

a -a .o(4)
Aa~i+1 1 2  -~ - i+l i -
1+1/2 - ai-l/2 At At

n 0

C i+l - C. Ci i-i

At At
n 0

where At = t+ 1 - t, and Ato = ti - ti 1  Substituting Equation 4

into Equation 3 yields the final incremental form of the

7
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constitutive relationship used in ONED3P:

M2 At M 2 At

i+l + -t --- r - + li 2 tJi+l (i)

L + M2  n +---1 + ( E i_ + _ -

M 2 A M 2 A

10. As long as M remains constant over any two consecutiveII
time increments, At is equal to At n  If, however, M1  changes

within a time increment the following technique is used to

evaluate the new state of stress. Consider the diagrams shown

in Figure 2 where the strain of some piece of the material has

proceeded from point a to point b to point d on two ccnsecutive time in-

crements. There is a change in M I between points b and d. ONED3P

automatically breaks the time increment from b to d into two (or more,

if necessary) subintervals which are proportional to the strain segments

(cc - Eb) and (cd - Ec)
. The code then proceeds as shown in Figure 2 to

calculate the new stress state in two steps (or mor-).

ii. Other techniques for handling a change in the MI  function

were tried including (a) rewriting Equation 3 to include variable MI

values, (b) choosing one M1 value or the other to be used in Equa-

tion 5, and (c) computing an average value of M over an interval.

Assuming that there were no programming errors, none of the other tech-

niques gave results as consistently stable as did the method shown in

Figure 2.

8
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PART III: CODE DESCRIPTION

Solution Algorithm

12. Spatially, ONED3P employs two-node isoparametric one-

dimensional finite elements in which displacement is assumed L, ary

linL'arlv between the nodes. This assumption leads to a constant strain

and, hence, constant stress within each element. Furthermore, half of

thu elements's mass is issigned to each node and because each element

is assumed to h1,vc, a unit cross-sectional area, the stress in each ele-

ment may be re7io, td by node point loads (or forces) equal in magnitude

to the element stress. Nodal accelerations are found by summing

the forces acting on each node and dividing by the node mass.

13. This scheme allows for a simple visual interpretation of what

the ONED3P code deals with. Figure 3a shows a column of continuous

material, the horizontal dimensions of which have no meaning (since the

code works with a unit cross-sectional area). Figure 3b shows the

equivalent system of lumped masses and mechanical elements with

which ONED3P actually works.

14. The solution algorithm for the equivalent system is shown

graphically in Figure 4. New nodal velocities (V) and displacements (d)

are calculated by a simple linear integration scheme:

V =Vol +a •*Atnew old new

(6)

d = dold + V • At

new od new

where "a" stands for acceleration. A mote exact integration scheme

was tried but led to numerical instabilities.*

It is the author's belief that the linear integration scheme used in

ONED3P serves to make the normally lagging response of an element (due

to the finite spacing of nodes and the use of a finite time increment)
"catch up" to the true solution by computing larger velocity incre-

ments while accelerating and smaller increments when decelerating.

10
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RIGID OR FREE In 17
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BOUNDARY

b) EQUIVALENT SYSTEM FOR ONED3P
a) COLUMN OF CONTINUOUS MATERIAL

Figure 3. ONED3P interpretation of a typical
one-dimensional problem



N S SCOMPUTE NEW

ACCELERATIONS

INCREMENTTIME AND 
ADJUST FORSURFACE LOAD TIME BOUNDARY

CONDITIONSLOOP

NEW 

ADJUST

NODE POINT

Figure 4. Solution algorithm for ONED3P

Boundary Conditions

15. Fixed and free bottom boundary conditions are handled in

LOADS

ONED3P just as they are in all finite element codes; namely, the acceler-
ation for a fixed-surface node is always set equal to zero while a free-surface node is treated like any other node within the material column. |

16. An approximate 
transmitting 

bottom boundary has also been

incorporated into ONED3P. The expression for particle velocity andstrain from linear elastic one-dimensional wave propagation theory is:5
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V Cc (7)

where C is the wave speed which, under uniaxial strain conditions, is

c M (8)

M being the constrained modulus and p the density of the material.

To implement the transmitting boundary, Equation 7 was written incre-

mentally as:

Vne w = Vold + C(n -n old) (9)

where the strain at the boundary node was taken to be the current strain

in the last element.

17. The wave speed is computed anew at each time step as a func-

tion of the current value of M1  in the last element using the follow-

ing reasoning. First, the tangent modulus at any point on the dynamic

stress-strain curve cannot be used because it can have negative values.

Second, the current value of MI was found to be insufficient for vis-

cous problems in which the dynamic stress-strain curve was much different

than the static curve. As expected, using M1  alone resulted in a soft

boundary for highly viscous calculations. Obviously what is needed is

a modulus which approaches M under nonviscous conditions but which

takes into account the stiffer dynamic stress-strain response of highly

viscous calculations. One measure of the dynamic response in a material

is the net amount of energy absorbed at a given point--in other words,

the area under the stress-strain curve. Based upon these observations,

the value of M in Equation 8 was finally taken to be:

Ad
M = M 1A-d (10)

S

where

A = the area under the loading portion of the dynamic stress-
d strain curve

13
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A = the area under the loading portion of the static curveS

This treatment gives stable results and has worked quite well under most

conditions.

Surface Loading

18. Since the one-dimensional column being simulated by ONED3P

is assumed to have a unit cross-sectional area, force and stress are

synonymous and therefore a stress-time history may be applied directly

to the surface node as a force-time history. To allow for generality

of input, the surface forcing function used in ONED3P must be digitized

and read by the code from a data file. With only a minor modification

to the code, a velocity-time history could be applied to the surface

as well.

Consistent Units

19. One convenient feature of ONED3P is that any set of consistent

units may be used in the code. Consistent units are sets of units which

do not require conversion factors to make calculations balance in a unit

sense. Any of the sets of units shown in Table 1 may be used in ONED3P

to generate equivalent results. Note that set D represents the set of

units normally referred to as SI units.

Plotting of Results

20. ONED3P has been written to generate several types of plots

using standard Calcomp software. Time histories of stress, strain,

acceleration, velocity, and displacement may be obtained as well as plots

of total dynamic stress versus strain. Further information on plots is

available in Appendix A.

14
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PART IV: ONED3P COMPARISONS WITH AVAILABLE SOLUTIONS

21. A variety of ONED3P calculations were performed on the WES

G-635 and DPS/l computer systems to demonstrate and evaluate how well

the code presently functions. These demonstrations are presented

herein.

22. Time increments and loading function rise times which led to

stable calculations were selected using commonly accepted criteria;
6

namely,

Az
min

At < (11)C
max

Az

t > 7r max (12)
r Cminmin

where Az is the element size and the minimum and maximum wave speeds

for each problem are determined by the smallest M value and the sum

of M2 and the largest M value, respectively. Although loading func-

tions which do not satisfy Equation 12 may be used, it was discovered

that such calculations generated larger-than-expected wave speeds for

elastic problems.

Nonviscous Problems

Linear elastic single-layered column

23. Figure 5 describes the problem geometry, material properties,

surface loading conditions, and boundary conditions for four ONED3P test

calculations that specify linear elastic material behavior. The first

three calculations are for a single layer of material. Problems 1 and 2

were computed to test free and fixed bottom boundary conditions, respec-

tively, while Problem 3 was run to determine whether or not a simple

calculation could be made with a step load having no rise time.

24. Stress-, velocity-, and displacement-time histories for each

16

I -MI

... . F [.., OZ7



SURFACE LOAD
b) SURFACE LOADING FUNCTION

M2 0

1 1 MATERIAL 1 7 =0
p = 2000 k g/rn

c) MATERIAL PROPERTIES

bottom

5. MATERIAL 2 Prob # Mat'I 1 Mat'I 2 tr boundary

1 100 MPa 100 MPa 2 msec free

2 -fixed.

3 0.Ose

BOTTOM BOUNDARY 400MPa 2 msec

a) PROBLEM GEOMETRY d) PROBLEM PARAMETERS

Figure 5. Problem descriptions for linear elastic calculations 
i
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of these three problems are contained in Figures 6 through 14. Exact

solutions are superimposed on selected stress-time histories and clearly

show that ONED3P can handle linear elastic calculations very well. Elim-

inating the loading function rise time in Problem 3 resulted in slightly

greater stress and velocity oscillations than those in Problem 2 as well

as greater wave speeds than expected, but the calculation still remained

stable. This is not to say that all ONED3P calculations would be stable

without a loading function rise time. Rather, the user is advised to

use the rise time stability criterion (Equation 12) for all computations.

Linear elastic multilayered column

25. Figure 5 also contains a description of Problem 4, which is

a column of two material layers, the bottom layer having twice the im-

pedance of the top layer. Results for this calculation are shown in

Figures 15 through 17 and, once again, the code does an excellent job of

matching the analytical solution.

Linear hysteretic
single-layered column

26. Salvadori et al. (7 ) developed an analytical solution for one-

dimensional stress wave propagation through linear hysteretic material

which was applied to Problem 5 described in Figure 18. Since the analyt-

ical solution was for a semi-infinite medium, Problem 5 presented an

opportunity to test the transmitting boundary in ONED3P on something

other than a linear elastic material.

27. Calculation results are compared with analytical results in

Figures 19 through 21. Agreement is excellent. Note that in the stress-

time histories only a slight bump occurs in the response of each element

at the times when waves reflected off the boundaries would normally pass

through the element.

Nonlinear hysteretic
single-layered column

28. The only available solution for stress wave propagation

through highly nonlinear hysteretic material was one generated by the

ONED code and presented in Reference 8. This problem, designated

18
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Figure 7. Valocity-time histories for Problem 1
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Figure 9. Stress-time histories for Problem 2

22



[I 0.0 M

5; 75.0

TIME -

3.9 M

~1^ A
S0 S0.07 0 ,0, , I 0

TIME - ''.

7.9 M

TIMEi- r5E t
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Figure 12. Stress-time histories for Problem 3
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Figure 19. Stress-time histories for Problem 5



.01

10

LU

U 0

LEGEND
1.0 ONED3P RESULTS

1.07

0.0 40.0 80.0 120.0 180.0 200.0
TIME -NSEV

Figure 20. Velocity-time histories for Problem 5



to

IAj

0.0 40.0 80.0 120.0 180.0 200.0

TirIE -A5L'_

Figure 21. Displacement-time histories for Problem 5

34

-- ______~:q~~ z~;.~.;;C7



Problem 6, is described in Figure 22 which also shows the data points

used in both codes to digitize the nonlinear stress-strain curve.

29. Stress-time histories from the two code calculations are com-

pared at various depths in Figure 23. Obviously the first compression

wave and its reflection look very much alike using either code. However,

it appears that unloading waves which result in low stress levels travel

much faster in the ONED3P calculation than in the ONED calculation. The

reason for this lies within the unloading-reloading logic used by each

code.

30. Consider Figure 24 which shows the unloading curves for any

element as generated within each code. The ONED code calculates the

stress level where an unloading curve bends as a percentage of the maxi-

mum previous stress computed in the element. Therefore, if the unload-

ing curve was originally defined from the point A, then an unloading

curve from point B would look like that shown in Figure 24a. On the

other hand, the ONED3P was designed to account for the observation that

many unloading curves bend at about the same stress level regardless of

the stress value from which they originate. The resulting unloading

curve from point B as computed by ONED3P is shown in Figure 24b. Compar-

ing the two figures, it becomes obvious that if unloading takes place

from stress level B to stress level C the slope of the unloading curve

at C in the ONED3P calculation would be greater than the slope at C in

the ONED calculation. Under these conditions, unloading waves in ONED3P

would travel faster than similar waves in ONED.

Viscous Problems

Linear viscoelastic column

31. Using Laplace transform methods, Morrison9 solved the problem

of a semi-infinite column of linear viscoelastic material subjected to

a step load at its surface. One of the material models he used was a

three-parameter model like that of Figure la where the three parameters

all had constant values. His results were presented in a nondimensional

form of stress versus depth in the column at constant times. By
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32. Figure 25 describes the linear viscoelasLic ONED3P calcula-

Lions which were set up for comparison with Morrison's results for a

given set ot M1 , MI , and qi values. The analvtical results assumed

a step load on the surface of the column, whereas a finite rise time was

chosen for the ONED3P calculations. In fact, two rise times were

selected: I msec for Problem 7 and 0.5 msec for Problem 8.

33. Results for each problem are shown as stress-time histories

at various depths in Figure 26. Morrison's solution is shown as dashed

curves. Although the finite rise times in each problem contribute to

poor early-time comparisons at each depth, the late-time comparisons

look very good. There was sufficient viscosity in these calculations

to cause low-stress-level waves to travel at a speed determined by the

sum of M1 and M2 and to arrive at each depth at the correct time (as

predicted by Morrison's solution).

34. Cutting the rise time in Problem 8 cuased an overshoot of

calculated stress compared to Morrison's predictions. The reason for

this phenomenon is not clear.

35. The question of how well the transmitting boundary works in

viscous calculations cannot be answered in this section. The column of

material in Problems 7 and 8 is long enough that for the selected mate-

rial a stress wave would not reflect back from the bottom boundary to

the 3-metre depth in 20 msec. Transmitting boundaries for viscous

materials will be discussed later in paragraphs 44-46.

Effect of loading rate

and viscosity on wave speeds

36. Consider a column of material which behaves like the three-

parameter mechanical model shown in Figure laand which is loaded by a

loading function with a finite rise time. Intuitively, as that rise

time decreases, stress waves travelling through the column should travel
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faster. The reason lor this is that the viscous element or dashpot be-

haves more ind moro like a rigid element as the rate of loading on it in-

Lreases which, Il turn, magnifies the contribution of M2  to the total

stiffness ot the model. As this happens, the slope of the stress-strain

_urve at any point in the column will increase, which results in faster

wave speeds.

17. Now onsider .a sinusoidal loading function acting on a three-

patmeter material ma.lvig constant properties. From Kolsky 5 the speed

of a sinusoidal dii,itionai stress wave in such a material is a function

of its trequen, aiid may be written

2MI(MI + M2) _/2
(. seed /2 +l 2(13)

M ) - + MU) + 2

where is a ziL m (J I requellcy and is equal to the frequency of

bte wave (2) t- f " t l ime of retardation" of a Kelvin-Voigt element

( L) wh Li illi Lilj:, L-,>.i I

1 (14)
M M 2/(M I + M2 )

thit th(, t tar v j 'L0 I Cl- qLlL:l1cies,

C C = f', 0 (15)

.iLerev C is tc :;xL,,st possible wave speed in the material and is

associated w ith ii C ..1 Lmet'S quasi-static behavior whereas for very

high t rG'qnelc i t-

M + M,
C • C, , L - (16)

I1:1X p3

where C Is in tipper bound on the wave speed and is associated with

the pa ril I l spia L,; :i.t,. Finally, combining Equat ions 13, 14,
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and 15, onie has

__ 2__ 2(M1 + IMl2) 1/2

C =. / ( 1 7 )

(Ms + M2) + M o0 M2 + MI(I + 2(

+ 1+

Yte that for a given set of M and M2 values, C/C is a unique

function of the product of frequency and viscosity.

38. Equation 17 is an analytical tool which can be used to pre-

dict the speed of a sinusoidal stress wave in a three-parameter material

as a funct ion of its frequency and the properties of the material. The

qu..tion is: Will stress waves calculated by ONED3P behave in the same

way? A series of six ONED3P calculations were devised to answer that

question. Those calculations are described in Figure 27. The signifi-

cance of the parameter values and loading frequencies which were chosen

will soon be apparent.

39. Two examples of ONED3P calculation results for these problems

art, shown in Figure 28. That the stress-time histories at each depth

in the column are not smooth sinusoidal curves may be attributed to

numerical approximations inherent in any finite difference or finite

element code. Observe, also, that the conditions at any depth do not

become steady-state until after approximately two stress cycles. All

six calculation results exhibited similar behavior.

40. Focusing attention on the stress-time histories at the three

greatest depths, the following method was applied to determine the wave

speed, C , for each problem. Utilizing the common drafting technique

for drawing parallel lines with two triangles, a line was chosen for

each problem which best described the intersection of each stress cycle

with the time axes at the three greatest depths. Naturally this was

done only for stress cycles which occurred after the stress wave became

steady. The inverse slope of this line, being the speed with which each

stress cycle propagates along the column, was then divided by C fromS

Equation 15 and the results were plotted in Figure 29 which contains the
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unique curve determined by substituting the M1 and M2 values for

these six problems into Equation 17.

41. Qualitatively, the results of these six calculations were

quite good in that they form points on a curve which, considering the

nature of the ONED3P solution algorithm, ,s unique and which is near]],

parallel with the predicted curve. Quantitatively, however, the calcu-

lated response is shifted to the right of the predicted response. This

may be looked at in one of two ways: first, for a given frequency and

viscosity, the calculated speed of a sinusoidal stress wave is less than

would be predicted by theory, or, second, in order for a sinusoidal

stress wave to travel at a given speed, it either must have a greater

frequency than theory would require or it must be in a material which

is more viscous than theory would dictate (or both). Time and funding

do not permit a more thorough examination of these results. However, it

is suggested that if the discrepancy between computed and predicted wave

speeds is due to numerical approximations within the code, a calculation .

with a much finer grid and time step (and therefore more expensive) might

result in a better correlation.

42. Although sinusoidal loading functions are analytically clean

in the sense that they possess only one frequency component, the types

of dynamic loading functions which are used in laboratory testing or

which are observed in field experiments contain an infinite number of

frequency components and may be approximated in many cases by a step

load with a finite rise time such as that shown in Figure 30b. As a

further exercise in studying the effects of viscosity on wave speed, the

three problems described in Figure 30 were calculated and the resulting

wave forms were plotted in Figure 31. Clearly, for a given rise time,

increased viscosity results in faster wave speeds. The reason for this

is shown in Figure 32 where it can be seen that increased viscosity

causes a stiffer stress-strain response in a given element. If one took

the rise time of the loading function as one-fourth of the period of a

sine wave, it would be possible to calculate C/C values to be plotted
s

in Figure 29. However, the initial arrival times for sinusoidal stress

waves did not correlate well with theoretical predictions; neither do
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the arrival times for Problems 15, 16, and 17.

43. At this time it is not recommended that Equation 17 be used

to predict initial arrival times for stress waves generated by loading

functions like that in Figure 30b. It is felt that the infinite fre-

quency components in a finite rise time step load violate the assumptions

under which Equation 17 was derived. However, Figure 31 does show

clearly that wave speeds in a dynamic problem with a finite rise

time are a function of viscosity. Furthermore, it will be demonstrated

in Part V that, for a given viscosity, loading rates on the order of a

fraction of a millisecond can affect wave speeds.

More on the transmitting boundary

44. The ONED3P transmitting boundary was shown to work quite well

for the nonviscous linear hysteretic problem--Problem 5. As a check on

how well it handles viscous materials, Problem 5 was recalculated with

an M2 value equal to 69 MPa and three different n values (see Fig-

ure 18 for other problem parameters). These calculations were assigned

TI values equal to 10, 100, and 1000 MPa-msec, respectively.

45. Results, in the form of stress-time histories, are shown in

Figures 33, 34, and 35. Assuming that the stress-time history at any

depth should be a smoothly decaying function after the peak stress has

been reached, it is obvious that some energy is reflected from the bot-

tom boindary. For the highest viscosity the transmitting boundary

appears to behave too stiff, resulting in a small compression wave being

reflected back to the top of the column.

46. It is left to the discretion of the ONED3P user whether or

not to use the transmitting boundary for his problem. These three

calculations are only offered as examples, and it would be improper to

draw from them general conclusions concerning all viscous problems.
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PART V: ONED3P SIMULATION OF FIELD EXPERIMENTS

Background

47. Several field experiments have been conducted by WES person-

nel to test the response of shallow-buried, flat-roofed, concrete box

structures to an approximate plane wave surface load generated by soil

berm-covered explosions. The geometries of these experiments are pre-

sented in References 2 and 3. Soil stress histories at different depths

were measured in the field during the events.

48. Laboratory material property tests were conducted on the

sand backfill placed around and above these structures to determine the

sand's compressibility. Rapid loading of sand backfill laboratory

samples resulted in stiffer stress-strain responses than those obtained

with static loadings. Field test results showed that the downward

propagating stress waves travelled through the backfill sand with a

speed much faster than the p-wave velocities determined from seismic

refraction surveys. It has been suggested that this phenomenon can

also be explained by the rate-dependent behavior of the sand.

49. An effort was previously made to simulate these field experi-

ments with the ONED code using different rate-independent stress-strain

curves to simulate the rate-dependent behavior of the sand backfill at
10

different depths. This brute-force method of accounting for rate

dependence is at best an art which requires some posttest knowledge and

is therefore not useful for pretest predictions. It would be both more

convenient and physically more sound to use a true rate-dependent one-

dimensional wave propagation code to try to simulate these field experi-

ments. In this regard the development of ONED3P is very timely.

50. To demonstrate how ONED3P can be applied to real problems,

backfill response in two of the above-mentioned field experiments, desig-

nated as FH4 and FH5, was simulated with the new code. Backfill proper-

ties were assumed to be the same in both experiments and only the sur-

face loading functions were different.
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Evaluation of Model Parameters

51. At present, the most sound method for determining quantita-

tive values for the three mechanical parameters required by the ONED3P

code is to select those parameters which will best reproduce both

"static" and "dynamic" laboratory uniaxial strain test data. This can

be done by using a simplified version of ONED3P called a driver. Put

simply, the driver determines the strain response of the three-element

model due to a known applied stress-time history.

52. Consider the ONED3P mechanical model and typical labora-

tory data shown in Figure 36. In order to properly evaluate the model

parameters, one must have a "quasi-static" response curve and at

least two (but preferably more) "dynamic" stress-strain curves that will

clearly depict the effects of rate of loading on the stress-strain re-

sponse. The "dynamic" test data should include the fastest loading

rates expected under field conditions. The "quasi-static" data can be

derived from much slower loading rates; e.g., rise times on the order

of tens of seconds are usually adequate. The three mechanical parameters

will now be examined one at a time.

53. First there is the M1  function. It is defined by the

"quasi-static" curve since very slow loading rates effectively cause

the viscous and M2 spring elements in Figure 36 to disappear.

Since ONED3P is an incremental code, M is, in fact, the tangent slope

of the quasi-static curve at any point. Thus, for some nonlinear

hysteretic materials, M1 may vary dramatically.

54. Next is the value of M2 , which in the current version of

ONED3P is taken to be a constant. For extremely rapid loading rates the

viscous element is nearly rigid and the response of the three-parameter

model is governed by the sum of M and M2 ' Thus, one possible means

of establishing M2  is to determine the value of the initial tangent

slope of the stiffest dynamic stress-strain loading curve and call that

M1 + M2 ' This tangent should form an upper bound to all of the avail-

able dynamic stress-strain data. M2 can then be calculated because the

value of M at the origin is known.
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55. Finally there is the viscosity coefficient, n , which,

again, is presently taken to be a constant in ONED3P. Since n is

effectively zero under quasi-static loading conditions and is effec-

tively equal to - under almost instantaneous loading conditions,

the task is to find the most appropriate value of n (between zero and

) that will produce agreement with the available "dynamic" stress-

strain data. This can be done by a trial-and-error process (once M

and M2 are specified). That process entails varying n and executing

the driver with each dynamic forcing function associated with the labora-

tory tests.

56. For example, consider the laboratory uniaxial strain test

data derived from tests on samples of sand backfill used in the FH4

field experiment. These data are shown in Figure 37. The "static" re-

sponse of the FH4 sand (Figure 37a) is well behaved, and a bilinear ap-

proximation to the average of the loading curves was assumed for M 1

while the unloading response was assumed to be a straight line. The

change in slope of the loading curve occurred at 20 MPa and 7.6 percent

strain, while the unloading curve was drawn from 35.2 MPa and 11.8 per-

cent strain to 0 MPa and 10.8 percent strain.

57. As for M. , the steep tangent shown in Figure 37b was chosen

at the upper bound to the data; its slope was such that M 2 was calcu-

lated to be approximately 10,000 MPa.

58. Finally, several values of n were arbitrarily chosen and

the driver was exercised with the applied load functions from laboratory

tests D4.6, D4.7, and D4.8, which are all shown in Figure 37b. A value

of ri = 10 MPa-msec was finally selected. It gave a good approximation

to the D4.7 dynamic stress-strain curve but significantly undercut the

initial slopes of the faster tests (D4.6 and D4.8) as shown in Figure 38.

Before discussing the ONED3P results using these parameter values it

should be noted that another possible method for establishing the mate-

rial parameters is as follows. Given some M1 or "quasi-static" func-

tion, M2 and n could be derived through iterative ONED3P calculations

against experiments like FH4 such that the arrival times of the stress

wave fronts eventually match those measured in the field tests. Other
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specific problem needs not covered herein could dictate additional ap-

proaches to determining the ONED3P parameters.

Calculation Results

59. Two ONED3P calculations were set up for comparison with FH4

and FH5 field test results. Sand density was taken as 1685.3 kg/m3

A grid spacing of 0.3175 cm was used and the time increment was taken

to be 0.001 msec. In fact, the problem set-ups were identical to the

previously mentioned ONED code simulations of the same tests. (ONED3P

ran 30 percent faster than ONED for each calculation.)

60. Figures 39 and 40 compare stress-time histories generated at

various depths by ONED3P with the measured field stress wave forms.

Also included on those figures are the dynamic stress-strain curves

generated by ONED3P at the corresponding depths. Although these simula-

tions are only reported as an example of how to apply ONED3P to a real

problem, a brief discussion of these results is still warranted.

61. First it is obvious that the calculated wave forms are differ-

ent than the measured wave forms. There are at least two things which

could be done to improve that comparison. One would be to obtain a bet-

ter fit to the dynamic laboratory data in the previous section using the

model in its present form. However, there is presently not enough flex- I
ibility in the model parameters to preserve both the low- and high-

stress stress-strain responses shown in Figure 38. On the other hand, it

is very likely that further developments in ONED3P might result in a

better simulation of the measured wave forms. For example, if viscosity

increased with stress level, a sharper wave front would be calculated.

Such modifications to ONED3P are being considered but are not within the

scope of this report.

62. On a more positive note, the stress wave arrival times at

various depths were calculated with greater success. Note that the cal-

culated stress waves slow down as they travel deeper into soil. The

observation is consistent with the dynamic stress-strain behavior of each

element. As the wave travels deeper into the soil, the dynamic
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stress-strain response approaches the "static" response. Initial stress

wave velocities predicted by quasi-static laboratory data would have

been much smaller than those measured in the field.

63. Note also that the wave speeds calculated for the FH5 field

test simulation are greater than those for the FH4 simulations.

Since the only difference between the two calculations is the rate of

loading (40 microseconds to 21.3 MPa for FH4 and 30 microseconds to

127.7 MPa for FH5), the results demonstrate conclusively that the rate of

loading must influence wave speeds by causing a stiffer dynamic stress-

strain in the material.

64

* I



PART VI: SUMMARY

64. Recent experimental data on soils showing that the application

of loads with submillisecond rise times results in significant rate-

dependent compressibility behavior have prompted the need for a one-

dimensional plane wave propagation code for layered rate-dependent

hysteretic or visco-compacting materials. Accordingly an explicit one-

dimensional finite element code named ONED3P has been developed which

incorporates a three-parameter (spring and dashpot) mechanical model

consisting of a linear spring and dashpot in series coupled in parallel

with a piecewise linear hysteretic or compacting spring.

65. ONED3P allows for the analysis of a column of multilayered

visco-compacting soils loaded by a digitized surface pressure-time

history. Any set of consistent units may be used with this code and re-

sults may be obtained in the form of stress-, strain-, acceleration-,

velocity-, and/or displacement-time histories as well as stress-strain

curves using standard Calcomp software.

66. Several demonstration problems were calculated using ONED3P

to evaluate its features and capabilities against (a) available analyti-

cal solutions for viscous and nonviscous problems, (b) other code solu-

tions, and (c) measurements from field experiments that evince rate-

dependent soil behavior. In general, results were extremely good.

67. Special attention was given to the effects of loading rate or

frequency on wave speeds in viscous media and to methods of deriving

the ONED3P model parameters from laboratory material property test data.

Program listings and a user's guide for ONED3P are included in Appendix A.
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APPENDIX A: WES USER GUIDELINES AND PROGRAM/DRIVER 1.1STIN(;S

()NEI)3P

1. ONED3P is set up for running on the WES GE 635 computer system

CAR)IN subsystem* and requires a free-field data file in the form of a

permanent file for execution, whose name should appear on line number

8020 of ONED3P:

8020$:PRMFL:39,Q,L,ROSDJOC/file name

If there is more than one input quantity on a line of the data file

those quantities should he separated by commas or blanks. Any line num-

bers used to generate the file must be stripped before ONED3P can be

executed. Hollerith-type information must be enclosed in double quotes.

The format of a typical data file follows.

Section 1: General Information

Line "Problem Title"

Line Boundary condition

The boundary condition is an integer which selects the type of bottom

boundary condition and may have the following values:

I = free 2 = fixed 3 = transmitting

Section 2: Material Properties

Line "Title Describing Materials"

Line Number of layers in the soil column

* Execution time for any calculation on the GE 635 may be figured by

assuming that ONED3P needs 0.00007 hundredths of an hour of CP time/
element/time step.
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Line Layer number, number of elements in layer, layer
density, layer height

Line n , M 2  for that layer

Line Number of stress and strain pairs (of o-G coordinates)
defining the piecewise linear segments of the M1

load curve including the origin number of stress and

strain pairs defining the M1 unloading curve

Line(s) Values of stress-strain pairs defining M1 load curve

in sequential order beginning at the origin

Line(s) Values of stress-strain pairs defining M1 unloading
curve beginning at user-chosen point on the load curve

The last five (or more) lines are repeated until all of the layers are

defined beginning with layer 1 at the top of the soil column.

Section 3: Surface Loading Function

Line "Title"

Line Number of stress-time data pairs

Line(s) Stress-time data pairs beginning at the origin

Section 4: Execution and Print/Plot Parameters

Line Problem time at which calculation will stop, time

increment

Line Print interval,* plot interval,* number of locations in
the column for which plot data are to be saved**

Line Numbers of the elements or nodes in the column for
which plot data are being savedt

Line Total number of plots requested

Line Type of plot, element or node number

* Print/plot interval takes an integer; 1 means save data at every time

step for print/plot; 4 means save data every fourth time step, etc.
** The dimension of the FPLOT vector in ONED3P (line 175) limits the

amount of plot data which can be saved. That dimension must be
greater than 500 plus six times the number of time points to be saved

times the number of elements being saved.
+ For each number listed results are saved for both the element and

node having that number.
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Line X value of plot origin in inches, Y value of plot
origin in inches, plot angle in degrees, X axis scale
factor in units/inch of plot, Y axis scale factor,

length of X axis in inches, length of Y axis

The last two lines of data are repeated sequentially until all requested

plots have been described. These lines require the following explana-

tion. First of all the plot type is an integer with the following

values:

Value Type of Plot

1 Stress-time history

2 Strain-time history

3 Stress-strain curve

4 Acceleration-time history

5 Velocity-time history

6 Displacement-time history

Next the origin of each plot refers to its position on a standard 34-in. e

Calcomp drum plot where the origin on the drum plot is located near the

bottom edge of the paper. The plot angle may be either zero degrees for

plots whose X axis is parallel to the bottom edge of the drum roll or 90,

180, or 270 degrees rotated in a counterclockwise direction.

2. As an example of a typical data file for ONED3P, consider

Figure Al which shows the file that was used for one problem in Part IV.

3. A listing of ONED3P follows.
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"M. rP-'-ON '-HEL.I. fU. 1 I SECTION 1

5 r1 C.OLUIMNtI; MI M7.=lICl ',MF'R, r'-=E':'0"1
15 I_., 1 kSECTION 2

I! . l rv1LII. I
1 I . , . 1 .,LI 1.

'APPLIED -TFES-E_"

. 'I;I. '1 U.! 1 .!' 11. * i OI-I I I I. SECTION 3

1 . i . 1 1. .
2., 2 7' . . .4 1 0. .

.2.' 1 .':;'. *4.~ 1 (1. !5.' 1 .

1 1 (
* - *' . .;';-::. , . 4. o* ,.... .,%_. * .

1q 4. -.

5. 1_. . ':'. 4. 1U. "5. 1 .

Figure Al. ONED3P input file for problem 7,

Part IV
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On PIt' L. j J: 1 F ILE PAG;E 14O. 1

I Iijt-I.: I LFiT: 1trOI 'II1.kT I- L

i.:& OF T tori: OPIRA~iI

till,.. III

'si OiE-iInr,1l 4IOfirIL V/1 :OELAI TIC 'IAV..E PROPAGARTION C ODE
'itTHE COilTI TITP lE P-EHHAIOF MA' BE RPEPEENTED BY A MECHARI4CAL

'P~lL IMODEL CON - IT Iii; OF: A PRALLEL IPRZNG ANDt MA>2hIWELL ELEMENT

'''1<41 LI~T- ARE ANT IOP COW z ITJErT Uro1! I:! FOP IK-T~tO:E.
NE&AP IC A I * I' ?,IETERN- 1,17'3

$( I It'll
"1$"~ -HiZ-ACiTEFR#I AriI.TITLE*,r.P-ILE.24PTITL*41'
iIII ONMON _L'!,C .IiII5 EL- 'I )0.5' -ELI- 1 fi.5('ENE "t5I. 10'

,114I.1 LINEWtIION TIME stPofl *IjUMX '7)1'' *DUM2'70'I' *. 4' -- EP2'. 365 0,
1'14', : I1G .,. -YtC'.
1-151-1 : H'I c ' .. 'EL a,. t.50- -1x1 7P f2,65' AMA_ ti. IILAY .651'' - -HA - '-6511'

EtllA' '65'M .141 EEP *- -'- *L:-,IG3N65fi'' f65'tI.-.Z s.650 .ETA' II'' ARl' 10'
''1 r TP -R -I TR' ' F'- 6.50I'. it '650' * TOD 650

Ii, LuMEN: ION PPLOT *.S5'I'u'I''
I''11 CALL POPT6n7.1.1.,II'

I I~ 1111

I FL 1-74 f
RE''l 1.12uS' PT ITL
PRINT.

11:111 PP lilT
'IJl RP PI tT. PT ITL

tie PEAL' BOTTOM BOLINDIRY CODE
- -OIJIIrlY: 1=FPEE. a=FI :ED1. 3t=TPANIII ITTIN';
4'' RAL' <1 * 1- t IiB TY(P E

E' .lT T PA IN INCREMENT TOLERNCE
1' 44'-

I' ., DEP-> 2.E-6.
1 4r P PRI NT. ITRAIN INCREMENT TOLEzRNCE= * TDlER

11 11DO 10C I 1 -

ER-I I.

1141so' ['0 11 1 1 2.

11411.0 DA I I -1 I k5

114- " -EL -1

1045''11 11 COWT I HUE

l 4 k11 DO I I=1 5(

'14; I' lLA,'I =
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fuE 'F 1C grT 1 1: A: II : 5. I FILE P'F1E 110. 2

'4- , ' rir - , ' ,= .

, ,1= ii - r,'1 , I , =

I , 1 E ' I' =
l

, --
E

l
!= 'I.

El=
Ii 4,, E2= O
11.44 F- 1.
S4,-+ HFH I .

"-4 IIIFUTE LUMPED MR- VALUE:- ANi INPUT LAYER MTER'IAL PROPE'TIES

' PER ' -'.101 0) TITLE

I) PRINT TITLE
PENr Fir , I:' "1 , L

kII' 1T M1 = 1 E 5

LU= LAYER NIo.; N-= MO. OF ELEMErTf IN LAYER
I7-: PO= LaYER DEN7ITY; H= LAYER THIC NEt4E::

074 "'C
READ ',. 1-i4' (120 LN. NZ. PO H

IF, LH. HE. 1 -: TOF'
7-: (1_PEAT'.. 11 'f.1 ETAL'L1 I. L

n:': I FE Fst' '','- • 1 0'' I' , , L ,1 I, rI~ ., 1 ) •l= ,r L,: .,,
I f READ ' . I'I , LI I' ,EL' I I) I= N U, ' I.'

: 12'= H FLOH-T'l :,
MI:N = P00.1 .

41 _LOPE= ,-_ II1.1 ...- I. -e.:'. k".EU I 1.--EU'.1,:'"+ AM2',
IJ:_:-'5 F- P= -'PT'- LOPE.- P0',

I F rs T .LT .[T MIN 1'TMIN=DT

1F:NZ. E'. 'i, 1"0 TO 16
Iy: ( it DOb 14 1 =10C'+
0',1 NN - 'I ' -M I '+ tH'--

','.:' -M1 1 , I'+I, RM I,I+I,+ AMr:
1+1'- ZI'+Z

ft'- 5 f 14 tNLlRY,I,= L/N

rrMH 1+1
I I Mt ,EL= N1."

0 'I:-. 16 IF-L.EF. I' ' '30 TO 21

I l''l PEt -II 4. I l'u'll' LN. Nf. RD. H
11Ii IF ILU. ,.I' . TOP LRYEP IN FO OUT OF O'DER"

I I REHt' I I.:,'' - ETA'LM' N RMS'L'
1 114 o PE I' -., I " NI t:L 'Lr, IU'LN
115 I PE '' f 'il I (10' L LI.v - EL LN., ' . L Lf
1 . PF ' ' q I,. ' , :ILN, ,,EUI' ,I ,"LN. tl :U:LN '
1"." [,'= H FLONT 'IZ'
I- AR= N 'ON 0: 2.
I _LOPE= ' ALr. 1 '-PI'Li.', ,EU'LN. 1 ,-EU'LN,., ,+AMELN,
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O~lE P OuT1 s: 5:31 1: <.2.: 1 FILE PAGE NO. 3

1:1 P= CRT. -LOPE PO

11.ss IF~sT.LT DITMIN' EITMli= fT

11411 Mu 7~t U .- M It 4MF C + FlMAC

11~~~ 115*I 5itI 1M
11:-es' 1411. NUN
1..'' 1 rim -O -TINIIE +

1211) IIEL= NEL+ 1 4
12 ':i '(' CON T I flUE
I I 2 IFIj:TYPE. ECQ. 3'MA Fi-I tjAA$.' AMA .. lNA 1 + AMAC
1.24") CPIrqT=CP
I. .11PLAIT I F
1I' PRINTiss'I AAI'.'I=Nrrm

1:4'1 NPLT=

1 -ssINPUT IIRlJFALE :-TRECC TIME HISTORY
1 -: I
1 -;( THY4ME= -I

1 -55 F'1= TP _THYME.'
1 4
1 410C ECTAELI7H A TABLE OF MODULI FOP THE Ml FUNCTION

14 is. DO .29 I I MlL
145(l 11E'O 4 -. NL'

1470s IP-LP.LT (I _TOP "NEGATIVE LOADING MODUILJSS"
14 NMI .2 L1N-1'I-I L

155 1 EI N- 119
15 p. 0 IF': LF.LT.. TOP NEGATIVE UINLOADINGr MODLUC-:-,

157 2t' U'104-1' _LP

1-. s ETMIN= is.-;*DTMIN4
ICn PINIT- = R'- Il.1''0

1646OC
1 t5 :c I I-s: EMENT TI ME

16710 PRINT.
Ils:c PPINT.
16E9I0c PRINT.' MAXIMUM TINE INCREMENT SHOULDs BEE.TMIN
170 ( PPINIT-
1710 PRINT 9
1730C READ MAXIMUM TINE AND TIME INCREMENT
174': PEAls.39' 1020.' TMAX. IT
1765 DO 2000 1=1, MEL
1 76t, 20:' os DETOe - [I) 1T
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OrIl'3 con ':' 5:31 0$' aL<$ FILE PAGE- NO. 4

1 ThPRAL PPINT Will PLOT INTERVA4L: AFit'l 110. OF PT-. TO BE :AVEl'
FFA~i'>l~aSI'' NT.NFLTId EEP

I t IF -'t EEF'. Et' 0 GO TO 4000'
1- PE~l --'- I. 1)21) - 1 EEP -11-.I=1 I.L EEPe

"I I UT-= TNA l'T*FLORTftPLTI.--1
";!5C 4 Ii:IE= t0IFT:..zflEEP+5l0"l
"6, :: IFt(4 IZE . 'T.s"" TOP " PLOT FILE TOO BIG"

1'- I1' 411g11, 14F LT=1I
1 0 PPIN(IT. t4o. OF MR-- POINTC=".NMllt-7
1:-, PP IlIiT. 110. OF ELEMENT: .NEL

1::: NM IIt= MEL C-+ 1
j , 110 DO.4 1=1.IEL
1:: ' 4 L -I GN -l'-='I

I '' IFl NPL I.iGT..-oI'- GO rO 125

I -''I -OriP'TE N1EW4 AoCELERATI101

1 ' IFI.fNE.r41W:- GO TO 4*:k
1;~ 0 TO0 'z* 4"1, 4' *4 FTYPE

1 4Fl:!El' B:UTTON- E:U-0t.A41RP

1--' 41.1 --I * .l
Ii 10 TO 6-)i

k), kofTFns MlTTING fBOTTOM POUMI'AR'

C 45 EI EP *I.EL'
I F -H F- El "T.TI1E P: GO TO0 41:

" FM' T 1.1
"'14' "-0 TO 47
".44 41: IF- IFL"B. Er'.1 1 JO TO 47

-114 5 I1H P- 1" .. '-.AE L + IG---NE L. .. 5.E P:1 N E L.-EF P'7 3.NE L
Z 114 IF-EF. c1iEL,.LT.EP"'.IAEL' IFLGBI1
-'1.1.4 AFIP2= F2+t'AR2E
&'43 FA':T= lPe AI

iC0 47 19= 1eRMI.FFiC T PO. EI-E2
E2= El

I fl G TO 6'.'

7' FREE BOTTOM BOUINIV

1-~4::v AC -I,lI Fl k AMA'I*,
0 0 C ON T I IMWE
10 IF *MOI-MTIME.NPRMT' .NE. 0:A GO TO 101

PPRINT." TIME=-.THYME

I :!EPC I .NEL)-
I 10 IF -'MOD,'NT It1EqtMPLT I -'.M4E. 0 30 TO 103

-- 45 IF'lEEP.EC'.0, GO TO 10i''
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lME D -j- L-rIT I': 31113 8 F ILE FRAE H40. 5

T' TI ME ' 4PL T 1 HYMrE
DOU I' I~l-kEEF'
III= I1-I - r4PT> +tPLIT

it' I-In -EE ' tFT+ 4LT
I '-1I+.' E EF P *4PT 1+ r +1LT

(4'h 'I -1I +4o~ EEF '.riFT 1+ tiP'LT
I- = rir EEP'I'
PFPLO0T'r1 fil If I -I
FPLOT ti, EP I1

PFPL OT H4 '-.'E L 1-
C-41 FFLOT '144 ="lIE'*

H PLT= tiFLT+1
If) 1 1) r TIlE= 1iT IME+ 1

'' DO 4'?- 1 =I .r'FC

TH.IE= TH',rIE+IIT

IiTECFFT RCELEF'RT I0ON

LO0 56 I = I * RiriI

D I IF' I' 111 IFP I'+ YEL I -I 1'T
'4 1 5-1 N Ir' NiL'E
-A IF-' (ITYPE. E'. ', 'EL '1 * NMA =VL 2* AlA '1

4 COMPU(F"TE I TPRA! RHI: ArF TFE 7EE

'IfIl 110 1':'- 1=1 *(AIEL

'1 HYTH ETH'-Lfi'
17 DEF :E'T* -'- EL '1 - I' -'FL' 1 - I +l ' 'A '-Z I+ I
'18. IF -~ ' ? DEF 'l . TDRF 'O Or 5.-

I4- IF -HEEP 'I' -'4 i, TUR DE' GO TO 5::.

1 IF'!I. 4 iEL'I ''E L ,I-I l+ I -'."EL'-d'-I +1I

IF oEF .1 LT. EMM:! L- 113(-I=
Cj EF- ER7,i .'
'4"- E - R 2. 1-

IF -1 ER> Th.1,l

5 611 E111 -I?? I'

,5-4 11 T Fl l
"5:1-:5 ['TN= IT
-, ::'; El= ER

'Zft IF 'L I'(i I' Eu. 0' 'G0 TO 6
2t.11'. I F'EPK'I'.GT.E> GO TO 4100

-. c..IUNLOAD'II'M6

A9



dutEt' ,F, CONT 1'') -:31 f(i:~ CE t FILE F'3E HO. 6

rim.HiH= i o 'LH I1
IF F EILT.E-lt- ' "0 T0 31-

4" iF E LT. LHHR' I' "0 TO E3 5

ENE4 [' I* I 1 111,1- I

IF' MR: 'I T. EIILI~J ' ',S1,1 TO
7' 1111my=1 mR1 I

I FL '-i" I'

'IIIV IlLNl j,

I I ENE -'L1NNEL- 1NEr.'I PNtAE I 'Y DJMH'EULN -' 1
1''i EIIE'IIII - HE ' J rrE1'' IJiYEI.L. ''EI.

6' E M'= Eli II

IF ME EF-E LT.1.E-IC'J' '30 TO -,10(

ITOF- IP1TMI 'E E~_,P EF-E:FH .l- EM E- l-DT-D~

I 14 F'! EO' [EL' NPl AP1..M1: +$I..'.E-

I111 'I- I Ml kI: i+ ['$M11
2-1"- DTF= I'TM+ ['11

11 'TO' - ['DTN
(I' I F FIB' o'DT-l'TFF'DT' .LT. I.E-6,' '30 TO7'

282 _F

4" E-= El

IF-'rMe 'LII' '.GT18* ES' RYTANO(.
5I El= EF

281 ricHIT= H' T+ 1
,*::-5 IF '11111 G1.2(1 PPIHT." '--.TOP IN UHLOAEIHG--ELEMEHT" * I, THYME.i

183 THYME
-4.,4 IF-tlCH-T.iT. 20 '30 TO 125

;0 TO -10

PELORIIGi

~II 411'' C Of 4T I LIE

I' WES. i3T.ESH1' GO TO 410
'4" E:MI= E:

Fr''1. 41'' :.Ml AM1II.oE:.EF.EI.HMAX.'
IFAEC'EF-EE'..LT.1.E-l', 'G0 TO 4154

17419 F= I PI,:M 1,9AHM2 L I AiTF4H.::M I::.ESM1.E'-.EIDTH.rlDT0'P9ti:M1
(1- IF-I.E(i:.HEL!, AI= APs':M'I+I4...E-E

AlOI
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LIME 13 F 1M 1i:1 : $ 1 j F REPAE MO.

5.u IFHfK*' DIT-DITR' IIT' .LT. 1.E-t GO TO 4.:E1J'
3721 1TYW I-T-EITA

:1-11= -F

E r-1 E
IF'1-I - EI' LW 'T. 1. E' AYTHH='

4" El= EF
4i NT= Hr HT+i

." IF' H' MiT.Gr .. -i-,PRINT. H OP IN RELOADINC,--ELEMENT- *I." THYME * THYME
4114 PM' t.GI.E0.GO TO 1.25

4 1" f 1O To 41':'
4 1 4 n IF'-EF. LT. EMA' I' GO TO0
41. EMRIA I' EF

4 17 MF&''= :F

N.' IN T GILA I HG

tr-riA?= N:.L-LII-1
-:.l ' : - I =§M Ait'I I I -EC -EF.-E INMAS.,3:.

IFAFB EF-E. -LT.. E-10, GO TO 64
DTHi= t'TA.'EI-E- *EF-E:

IF'1 .EC,.HEL' R=A1,lv.+'M..''IE:

1" 1TA= E'TA+ DTN
-. 1 TO s I' = TN

IF'A E.' IT-DTIT:'11..LT.1I. E-6, 1.O TO 65
-H TN= t'T-t'TA

::nnl= Fh
-F

E M-j El
4':1 E-=El M R YA=

H' HT= H' HT+l
IF' H' MT.T.Cj 4I' INT. " TOP IN VIRGINA LOADiNG-ELEMENT * I.

.4 'TAME--THIH'E
1PM' -NT.G'4 -'I' "0 TO 125
G0 TO 6-
MH I' F

EM?' 'I', EF

1" EP -I-=I E
EFIG I E HI -

IF,11= FII ~t1
t 1(ii '- OHIT I NLE

4011'' IE IO If'1 1=1-*NMA4,
41,41,c:'..I ACC '1'I:'

All



or E ItF 1- 0 Or I II:'5: 3-1 1,1:z 2.: FILE PAGE r~0.

4''1':' 11 '; ':-P OI- I,'
4''''1 1 ' 115 Ifl.HELNU
4llDo ["3. 1 '= rG' 4E

41''' I"'G. I 
411" F 3.'=FC2.
4111' EF- I'1 EP'.1I

4 1 '-1- 1 1 ' -Or T I-IIE
4 1 -1 ' TO' I '=[TN
4 14"o

41511-ADED :'JRFACE -ITRE:
41
41.", F-1- F'i-+ -:TR: THYM'E- riT ITE
4 1 ''I IF -AF'LT. LT. I ':':':. AND. TH*IME. LT. TMAXC GO TO

4.' CALCULATE ETRE:: POINT LOC:ATION-:
4 c' 1-

4~l' EOU 122 J2N'A
4 1 21 Z' -J1-= -*ZJ'-+Z' -I *u5

4L C41 HTMl = NI IME-1

4 ,r6,(IC PLOTTER OUTPUT

4
c2:; U 125 CALL PLUTE ''3. _-

4 -'' RED 3. io':'NPLOT
4r_9 PP PI NT. NO0. PLOT +-= NPLOTC
4 'I' IF'NPLOT_ Ef.l CO " TO IA60
4-1 _,IA rPLT= riPLT-1
44 20 DO 151ii N=.1PLOTE
44 -" 1 3's READ' * 1 -('20_ N ri
4449 IF'Hi. EO;.O 0''3 TO 16':'
445f' ['0 1-31 I=ld EEP
44t,- IF'r*EEP'.I'.rHE.r2- '30 TO 131
4 47 'I ti= I
4 4:: ', 1 31 C:ONTINLIE

451.1 13_-2 PRINT." STR*EEC-TIME' -N42
4'1' DOl13 I=1.tIPLT

4.' 133,__ DUlI'1I'+= FPLOTr'4'
454" CALL PLOTTeTIME1'.IlJM1.1m -pjPLT-1.2.PTJTL.,
45 5" GO1 TO 15')
456rII 13 5 PRINT." MRTAIN-TIME'.M2
457 11[0 16i=1.NPLT

4 :::( N=r42-1 +V2EPfI PT + I
490 1? 3c' [111 J FFLOTi'.-1Eh.
4,:.i" CALL PLOTT (TIME- I).1,IIM 1: .lIPLTP Ii 3.-PTITL."
4 I. :'. GO TO i1':
4 I :- (1 13--8 PRINT." ETRE.EE-7TPiRIN-".l'
4 1.4 1 DO13'? I=1.NPLI

4.-(i r41= I'N2- I + EEP - 'PT + I
47,1) LILI12' I = FRLOT (N ,
4. (1 1 3'? DOM I 'I'= FF'LOT NrIAi1.i 1'fl.

12



rL+ F (Our I-: 5:4 1? '1 ,:,:: 1 FILE F'Aa3E 14o.

4 .IL F IT I t ,LOTT 0 T I , rilari, 1 IFIPLT 32.. PTI TL
4 1'' -,0 TO 1511
4, ,' 14t F'FIriT.-" HC- -TITIE"r4l

110 14, 1=1IHPLT
4H4 ---, - 1 +2f EEF *HPFT -+ I
4 Cl, 14.' I -li I FFLO0T ,t (:E .E-.?

i''LL FLOTTTI IME - ' 111rl I 't .ITLT. 1,4-P TITL,
Li TO 151,

144 W..T. vEL-TIIIE".i&
4 I., [1l 14', I=1.IiPLT
4 It' fl=, r 41- 1 + ?:.*t EEF *eF : + I
4,-:--o 14', DOMMl , I-= FPLOT H, I f* 1 (.
4. .4,, I NLL PLOTT' TIME, DUe 4 1 ' rPLT. 1 ,5, PTI TL
4:-

- ,"  
,0 TO 150'

142 F-9- INT. I, :1P-T IME .I t
4: :TI) 1 DU 14:: It.HPLT
4-, H Tic=, l-1 +404 EEF' 'f'T :+ I

14-: DIAll * - = FFLOT ,-i1':'1'.
-I- CAkLL PLOT T :TI ME, I ', 11-it'11 I I,, FLT, I E,.-PT ITL..,

", s' 11: E4 Ito.E
4 EW I'? 'FeI~t
4:411 : LLL IET I-H I
-. ,, P In TlT. ' DI E-tl'HE-tIO E"

I' (LL PLO 0 ) T '

,I,4 L, TOF
1 , Pt l T TC 4'

r I O') ') P IlFI4T
T' ' 0' FOr'] I T I I ")2F " 5

I, , 14', POFIF T " L ,EF'". 1i.' )"' E- IT =" ,FI5. 3, 12=",F15.2
':.I III I c5 I", FO '" T 0' ',H "TZ E t 10 11 E I G" E:i " PZ " 9.-:i "l-C "

I I'' it -
, 
f CF'OI' T I I: t 4F 12. 5 1 ...

,:.15 , Fir:T T I - T F , T:
'1 .1, "_Hif" o TE2: TI TLE0,,5

,17 ItItI'ME W: 10' 4 -: ', --, , , ,: .

-t:, I, IF , H.11.T I GO TO 1'
-I FEAD'- .u ' TITLE

CFE't' : E 2 ' FI.FT:

'-I ,_ ' I TFTE

11.1" t' Ci r 4T I I UE

, .2:1 O 2'10 1=:I NF'T:
-, .' ' .E'0 IF , .T.LT. I. f' '.52 I'' GO TO -('

-. I" IF 'rPT:
FETUPt

,:_::: ..... , " TF'- -- ', II- I ,+ , Y' I ,- ' I , YT -. I - I:, '': ' V ' - "

, ,., :4, 1, 1T= I

7. -. " 1' 1-" POI P t' T IF 4EI,1..7

-. ii • I I -1-A13
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Jt'F ['F -DtiT I': , - .- ,- ::1 FILE PF,',E HO. 1.

-41- FlIti TIOI twil ,L ' . F.EI l.rr fI. ITF'E

-- Lc I t 11 E I
.~ ~ EH -I* FL I- -clr.lOr LtW 4_,. I , n . L -III- h -11 I- U

'-44', 'E Ir ''-,, .,'.li,'.,IFLMI'.'
,

i
' ,

LII
,
.

--
L'l' t,", '-'' I',,

-44' [1 &
-4-.1.* HEE r 111tH: -IFLH 'L + ,

.4 . IF I T ,F'E . E0. (-, 10 TO 4mt,
.4 I11 [' 111 =1 , tEE_
4-4 1 1 IF - . T.EIIEL ' , 30 TO 115

-4"" 11 ILl 1 I =I . EE
, IF, F.,, IEE'L, ''3O TO 1 5

, ,! 1 5 '',0 TO 'c''' .'-:. - IT'' l F'E
,'-.5.i-, " h .L EHEI[ - Lrch

,D TO .. I TY E

. _ I 'LII.I FLI'';,L'+_I- '
-- '' IF -1. E0. , W'ETIIFH

, ~ ~ F I,; E, -l E ,L. b

FE TFPN

FE LORD I tit

IF : .E i .EB E 'L 1 , , '30 T O 4 1 ,i1
I.::: IF, I-. E N FEL -I- I - J = _- II

--. H'll = L,') LII- I FLRI-- ' L , + J-2
,-,..IF' . E. ' '30 TO 31'

",, IF,..F.LT.EBIE'L. 1' FETUF'

'- 71" 1"I -EI= IE L . i-i,
-,: 'II, FET IF-ri

-1''', 'Y.IF''1IM LOl''l'tIlB

- -,., 4,, IF' IT FE.rlE.$': 1;O TO 4115
S- -,, tjt'H = t4 LLti'-l

4''
'  

[.1 41' 1 I=,3 - llli "

* -I " 4 1,, IF EL L .' .; . 1'30 TO 4 15
r 41 ['01 .4,- ;'

.. . 4.. IF '.L L 4'i .6T.. F' ',0 TO 4_0
* ', t, , trI L'L ,_0 -I'

P . E E. EL 'IIt-l'tlH ' ' I'l I L LB I'li>

- . "; . F.,', .EL*. LII.II'Ft ',.t-I'.: .LT.EL ,LIIIII'I:'. ' El= EL'LI r.IriIH.:

I •M', t , , f F F I i ' 1 11 I

*- = FL .LI . I I

*.* , : F

I I'* I
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0nE itIF OrIT I : -:I fl 3 FI1LE FAM,-E rio. it

21114= t'cs IIM1. E
1 'EFIET'*

FE TUFFi

it '-fF(-T THE FLOTT ' .ri, IL:JIT IL)T. TITL

llI rMEti -I TOri ' 1 - Y-L ' I LHFL ' t il- 7' OIIP '7 t42r:: 4' - i2 '-I4.

tDlEriI 1tri HTif 4 .-T~l 4 YT1/V 4I~S 4'1T ' I 4

it TI:rA TI: -1 -1 * 19 1 FL 1 1 *I: 'i.I*1

7 w T 1 lP .1.-- I -91 .r I I
1

.- 9-1

DATA AT fl '. 2- I.70. 1 7-.tS YT 7r A .7-.-
4 0 EiATA NC ITIT.IT .0 3.I I'#i D .rFT... 1.T.1

LHEL'1I "T IME-
Lt4EL 'a TFEC- 1r

7 LAEL 4t H-C -

74"''- LAE.Lt iTP-
4 1"f LHFLL7 DEPTH-
4' H ItL: K= I L:K:T
4.-"* I LY, I LT
4:-it PFit' 5 ,ftiJ'i i. ''FiLE- F', -FY

4EC1:= :F::

1" IA= 'Fi',LE+t 9+
7c5 21-1 THETA= riLE.::. t4159'-C6 1St'.

'1= C I T HE TA'

CALL PLOT'tYQ-'
IF' IA HE .AHRi'l. tAI~iE.4' '30 TO

1' tLIrM= IL:

II
IL ' Er" V:
I iii 1'

*if I LY L'tNIfY 'TA'H

7 ' Fi , HI: 'IL Il 'IA'

.4''I I' F * I T4.

771-1 L FI TM F

rTM' L
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OtiL 11 -F (D1: 1 Ii :3 ' . F ILE PARliE NO. I

7774 ,:7= T IA1 'L
* CLL : '.T1POL: .. '. *'T. IZTLAT'I R&* .4(1

CA FLL A:: 11732 ?.'.'. .LAEL I L::.r:..:'.L.LI'L: i.un.i*1 i

iii-i AL H:I 1''.7 ,LAL ILi.H- -I',L f41'F I LI1.Ai'..1'

(FLL FLO0TI..'-'
:-I. I'1 1 '' i =I.ri

in R vi~c :F::-YII:

4'' 1 I '1 ril I1140E

PE TUPN

a:FOF'mRT

1.1 it '- E>.EC- UIE

'1-1.: L I MI T: C4
PjPFMFL: L~ ':' LR IP E-OC F, LEAITA4

1*1: TAfPEr : I:. ~ > .. .. .I CPL

I.1t1-OEIE: F:F

AL16



ONED3PD

4. ONED3PD is the driver program mentioned in Part V, which can

be used in a trial-and-error process to establish values of the viscous

parameter n and the spring M 2  This code is presently set up to run

on the WES DPS/l time-sharing computer system and makes use of a data

file which is very similar to that required for ONED3P; however, because

the time-sharing system is interactive, many of the input quantities

required for running ONED3PD are input from a teletype keyboard by the

user.

5. Referring to the data file shown on Figure Al for ONED3P

batch runs, all that is required for a ONED3PD data file is the problem

title from Section 1, the static stress-strain curve (MI function) from

Section 2, and the forcing function from Section 3. All other input

information is asked for by ONED3PD at the time of execution through the

process of interactive questions and answers. A typical ONED3PD data

file follows:

" H.4 D'. . TITLE

'3 I ~. . :'7~ :~a . i ~STATIC
11.,. .: ('. . CURVE STRESS-STRAIN

LOHI., lr. Furl:TI'riO H F -r. CE,:

1. .,'>: . :l .3. 'F.4 U1=,: - . 7 1. .4 . 1"145 i . 9'. 7
1 5--: 1. -:13' 17. :1 0..341 1 . -:43: E. 64: .3('. ,41 0.. .3 LOADING FUNCTION

. :7 ij. -,r:-: _1.7 O : 0 -=, :Z O . ,d 4...': o - 4

4, - 43.1 4 '.41' 41) ... -1 ?:
2.- . 1J. 15: ljF .:54 03.53:~ 14. 39? 03.55--

1- 51" 1.574 '-F 75. 1'.: 3. 4 I..3' 5.::, C.t4

6. A listing of ONED3PD follows.
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:15:16 0l4 2 0 1 FILE PW-E NO0. I

'I~w'<.U~ 1441FLO T>F

(pFI7--TF 1,,.Ep -[F Ch1EI SF
4.

flE-1, !1H -~ 10t4-(.&tVIFo CI R~H FOI P ('1 t 0L l MAT.
THE r isTjTLIr1- I EH~ViU-jC; r' BE EF-F7EPTED ' q ME ' -IH -i.At

'IL7EL iOri I _TI.",- OF Fl Pt44F'LLEL 7FF It, H1lL. Mr.: WELL ELEIIErIT

IY i Ii FIH E i- .,ET OF I_-or-,: 7 1-TENT LilIT* FCP 114' Ti4tifE.
It hi&FrF>F~ei-fl 1- E -* ETEF':. i

cH41. FrFl d1rIf 7 T ITLE.6 i. FILE.24. PT ITL*4t,
C' o r-il10t4 £L5' 11.9-''- L . -- E L$ (''- E L'..5(Is - ENE';' r1 IFL ff, . -14 H Ij
fII t*:r 4 I C r T I MEFv 1 1-1 1 *5if( tIP12:k5 ( i .r EP 3
P] MV 1'tI UN~ FFLOT - 1mu

rL L F I;RNK I ,R<

f, 5 PPIFIT. 'IHtl-1IT FILE NAM4E-.
PER F ILE
Et C ODE -F ILE I (I f''

FILL IT TAC H' I LE .)

0 PEri s 9. IW' (1F1 T ITL
PP rI NT

PPFIrIT.FTITL

115,F Ill:

r10  NT - -

1' 1-12 t iL 14 I
0. PEm', 1 10ii 11-E .) 1-N L

I rl Ir- 1 )'-

144

.4 '- TP PI H P TRdLE OF HOLIFOP THE 1-I FUNCTO'01I
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rii *,r i: e 16 (14,H: PILE PF'-ZE t-C.

14 '4i,1
04Ii L r-i I ' FLri'--L 14-1

14_P. T l.. Ti OF LF LT II' L TOP' I1 I t~ LO 46I. ralWLU I
14 a4 LH0'-1- 'LP

I ' LF ' l- -Z u * EN- I- -'EI- t''
E-1- f4- 1 7 'I i .

I F LP LT. ft. - TOr' ' IIE3AT IVE u3lr zrI ri; PHQDl-LLL'

I 'o-iri-i - VF

Pr, IN Trt- MA1T I

I F-; I NT. TlE: IrWFEM-rIT'

~~', 110= rif'

rPir'!. - FP!H1 IITEPVL PlHI PLOT 1r'TEPVP4L'
P r#PI T - IIPL T I

I;-, rT- TMW', II:LCP;TI-4;LTP .+1I

t: 1:E= F +51'
I Fr-NdIE.13T.1I:'' Mfff -OP '* PLOT FILE TOO BIG"

'I JL ITH I

yp1 ~ .r Frc *;L TO T. ~ I

I IF' lOE' , NT I ME NPr4T NIE. G'3 TO 101
FF1-Il, THilME. 213 '&' EPE 2

4' 101t I F - OP' NT IHE.- rF'LT I H* f 6''0 TO 10(1

FPLOT'rh= EP.- '2)
fiC.LT= HELP'

f10 1 I1- TIME= NTIME+1
C. TH'ME= TH 'HE+IiT

. " 1c

-4 7J4't

I HRfTH ETe'
IF iEu L T.EMP4' L IGN= 1
E SP 2:

4 E 7 1-= EPF
I IF E M Enl'D*FEr4F.E; r I.LIT. E11FI" L IG1ifl

I51'. IFJGH Ell. I :;C 10 E1
IP-E' P;.II T '3 tO 01'
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?IPJf2: I- -i, 11 7i .>.1. (14 .>: FILE FP.-E r40.

i1I-..' I' -1H

It~j v EGT .EI - -

IJF L;. . I .EU.J . Wi iv TOI..

Et., 4E I.. NN IN Y-u j I ,
El .L.., E'iI!>Fj.

I''~~~ R EI -riE -? EriE.: RiEi' -*Ilj1v-~ 1'I

H If EF = F IFP 1 1 -. Fi '. i TPH-. 7:C' P1 1 7 *F -R ,P r .E11' (* .: [ . ,T . I '
:riil= :P11+ Drcrii

I 'G0 TO70

PELOHiD ING

1 4' '2 (OrT I VilIE

I~ I4111X I'II -~' .uF01r2, fi...AH-P
PP E= EI1. -1..,a.,,- o; _.:,F.E Mit.E.Crri hTOj r,1 I!I

:4 1 4 IF EF. L .FMI..1 130 TO 70(
-41- ElMf- Er
417 Ii-. :

-0 TP 70

-44'IrGIl LOHFIItt.

~II ri. I 01 TINIIr
.. I L-1

Xri-I P -I iE. <Er1I , E:7 IrZK
6 .1 4 EF = ElF I -Q:PlI.FiRtE'.,r TH. : Put..: :CF.EYI .E PTr,TO .r.:rM1I

IF.IEF.LT.EMFNJ. 17;[ TO 7'0

4 Er$-:' = F
-0 17 (.N r I NlwtE

.41!' F
1I EF P E

PTO ['ri
4141.

Ft 1,l L F Fit-E TAP
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1- n~li 6 t(43)1 FILE R:HIfE N3. 4

i.~~~ I. I t* 41 I - I

PLOTTER CkHTF*IT

F I.' 1T D O 'il Y01, T F L GT TE r, [O'TF l'T~

Ir - NE T. P10 T O-- 1.', ' IM

IF ir' .1" 1 -: PL;OT-----OF Ct~ l

,E 0 T11 ,I_ -I14 ,I_ ! 4

NOl' a'' IC ro, T 6
4~1-4 ~ j; T '1- 1 1 +> 1

Icj r, = ft TL I N

I'-

I - 1.1 1D -I F ~ O 1

P,I HiF T _TAT1' EiLM 1,ILT .TT

DOI- I 7. FF1 F+lP T13

J, 14- -. ,.L

4 -'I- ' 1 1 1,r: FLOTMN*C'(
4.- oI i;LL FLO'TT-TIME- 1 *tiM t'... IIPLT. I1.3.PTITL),

14 7 '1 NT -TFE---TFFIN'

1 1* - 1 .+IF

4'- ii - El -1 I -FPEOT (t *i:ii

47 1 -:4 Ilk 10 1 FPL0T r If

1.-AOlT 1EIIf;1

I!CALL riETrirHi .

rPF I 14T T1Q - DNEirE-L014E"
F IT. "r'o YOU WANF4T f.I-iTHER FL417'

IlF "R.1 E0. G O TO0 5

111111 FCHrt-qFT kV .'

. 1 j)1?lt' c r7Fi~T 0iti'F 12. 5-

1'-i 4 41",F' f-OL-1' LeAEFP 15 0 I.iT'('="FP15.3 YiEF192

t--1, 7I NO E - p'

1L'3J T I ON TF T.1N,
''II CH6~1

T ~FTITLE-.-

1 ' IF 'I4*GT. I ' ; 1-- 0 T 1.,
1 7" E. .- *i* T!TLE
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f] C i! II ft' I I4 E6 04£: 1 7-PILE F#6-;E 1-.0.

U tin .4 1 =-.tCL_
14Li- L kt''-LT--1' 'E L'-A'--E L HI-'

14 ,i 1F - LF. LI . - TOP 1,213ff!T IYE LOADlI NG TiJDULL:
14 -. ; 4A L-N'-1'-- tF-

1101~

J.4 ~ LF- 'i- I -rI' *-.ELIrN-I--E0J.:

1 i I F L.P LIi . TOP' NIEGI3T IlYE UtPLOFirl IN4G TlOniULU.Z
',N- jI- I = 'L

I7 t PPt IN "MF: I WI I
IF liT. MH:I''1T~E

FPIT. TIMlE !itTFT'EIT-
1 ~ E -i -rEMP r-

DTO= 11i

I P -I t4T.- ' FP~lt-T iTITEPAL4.1 ANt PLOT IT'TEFPFL"
'1 .0-EAt.' *i'F T, TPL TI

1:It isi iI'T$ = TMFv:ti f. F L OFT *:sPL TI') + 1
it -tIZ-E= *P:2+9 00

j:_ I F4fE ID2E .fi.If 11(1 f TOP "PLOT F ILE TOO PBIG,

i IFL T ONIE

L-7 I 'Pl= (Il
'I IFfN'LT .GT. 1090) 1760 10 125

1 1: 1 F MOD" (NT I M1E~ PIT. NE. 0.' '30 TO 101

4''1 (i1 IF IOT' QATITIE. iPLTD). T-IE. 0)> GO TO 1 (1
-- f TIMlE &PLT)= THY'ME

4 Q 1 *d+LTl'

PLOT- t~l4 0162'
FPLOT (HN!) = EP: ':2)
rI4IDLT= TIPLT+ I

1i N11tTIME= t4TI!'E+l

THYM''E= TH-'PIE+rT

.4 C OTIL'TE PFidl 7 TFA IHT

AT

15 ri £PH Ts
I F Ei:--z -. L T.ET L IGN 1

4"5 E T- EP '

I IF .E .r UIR H>r4t,.E ,N!.LT.EA.-- L7IGTT=1

I EF ' i E -1 f',,)a TO 40'1.
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U :.EI CCT10: 16:: 16 A04- 10. RILE PAGE NOI. 6

12= 'IP1-E I'A

14=EIEiC
I1f EIPi=- EI+1'2-fl2+14

1'3t'i= CI-EIPi-EI'

411 E TURN

t-JFERGLTINIE PLOTTI.,Yfl.1I-L:.,T.ILYTT1TL)
1:HtFAC TEF +1 RN LRFL+Ii

7 1 DIMEW I ION 'I Y (1I .LHBL.T 7)1 - T .141 '779NIF7) NZX (4' *IN:Y(4)
1rI'IEN I0ON I r c4- 1 NlD -.4) - I V.' 4'* I&VY(4 * fl's.)*II4

DIITAf IN XT4.'4 T4

ti-i4Tt. js i * i * V ,

jl LAE:L(2- "TIME - riHEC
LFz''nTRE-Ir -V

74,- f PR I NT, I.whIT PLOT?'
PEAL.. AN7

14n F#.AIC..F V ETLut4
4' IL.X= IL XT

4-." ILY= ILNT
PPINT.' PE-lo nI.:YO.T1HETA.$SFX.$ FYi',>ASL.YAIZL"

4-.n V= SFX

I1= (r4BLE+1' TE /E9P0i.I'

THETA= I-GLE*. 1415'?265' 180.

75':~ ~ I 1=Cz-THET'

7 If.1. FF lN- DC YOU 1.81iNT TERNTTRRd?

IM CLL PLOTr" -A")
5:t-ILL PLOT (XO.IYO,-

W i~t4.-NE..'30 G TO 5
IF Iti UE.2.AND. IH.NE.4- '30 TO 2

Il'~M IL '-.

I LYI DUNH

7 rl [ii rY

* I ' fl' I LX)' * rIo Fl)

YI V.1Y.I R. *YL
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. O' i N O"T I1: .j.: I e '04 :'-:1 FILE FFI.E ro. r

". h :',"'= "'L Nrt.' I H,
:T - 'I *XL

4 -YT-I *YL
ILL .I OL, : -'.. : T ITL, FIT k I F . 4 0

IILL H':- : I " . *LFIEL 'IL ;: -.::. .1 .Y-iL.rif'F ,:IL ::, * ' :'. ;':, lY. 1.. 1 U01,
'7 -, 1- FILL s;fI1 1 'I- i 'L .F:LIL", ':- . 1 ,L r F'.II L , 3v'c.' * 1.' ,1. I , :,

1)- .ILL PLOT(H ,,

-. I iCOTIr-IUE
:FILL PLOT' - i. -l .

* ~~ >1 ~ tLdL PLOT." (IU.
' ,":', u' F E T UP Nr
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